Abstract: We propose a directional coupler (DC) biosensor to detect the concentration of glucose based on the thermooptic detection mechanism in silica waveguide. We discuss the design principles using the coupled-mode theory of DC and deduce the conditions for a valid biosensor model. The coupling length, the detectable refractive index range, and the sensing resolution for different silica widths and separation distances of the DC are presented by analytical calculation. By a tradeoff between coupling length and resolution of refractive index, we can obtain a sensor with a compact size of 48 m Â 30 m. The biosensor shows a resolution of about 1 Â 10 À6 for glucose concentration ranging from 1 to 200 mg/dL.
Introduction
Over the past several decades, there has been a rapidly growing interest in the field of biosensing in order to detect very low concentrations of chemical and biochemical substances [1] - [3] . Biosensors hold great promise to develop fast, inexpensive, portable biomedical devices for point-of-care diagnostics and healthcare applications [4] - [8] . For an ideal biosensor, it must show a very high sensitivity, quick response, small size, portability and low cost. Many optical methods have been developed to meet these demands, such as optical fiber [9] , directional coupler (DC) [10] , Mach-Zehnder interferometry [8] , ring resonators [11] , and surface plasmon resonance (SPR) [12] , [13] . Among the various techniques, DC has been one of the widely useful methods in the development of biochemical sensors in recent years. However, for low concentration liquid measurement the refractive index change is rather small, which may bring an undetectable output power variation. In this case the sensitivity of the sensor will be greatly reduced.
In this paper, we propose a DC biosensor to detect concentration of glucose based on thermo-optic detection mechanism in silica waveguide. The refractive index change induced by glucose concentration is compensated by accurately modulating the temperature of silica to keep the coupling length of DC unchanged. In this method, the refractive index can be detected by the corresponding compensating temperature; thus, the glucose concentration is obtained.
Biosensing Mechanism, Theoretical Analysis, and Calculation Results

Biosensing Mechanism and Theoretical Analysis
In a biosensor with a DC structure, as shown in Fig. 1 , the sample ðn 0 Þ to be measured is injected into the sensing area, and the temperature of one silica ðn 1 Þ waveguide can be modulated by the heater. Here we make use of d 1 and d 2 to denote the width of silica waveguides and the separation distance between them. When the sensing area is filled with pure water ðn 0 ¼ 1:333Þ, the coupling length of the DC is L c . If glucose water with different concentration ðn > n 0 Þ is injected into the sensing area, the coupling length can be altered. Thus the output power in Port 1 and Port 2 also have small changes. At the moment if we adjust the temperature of the silica waveguide, the coupling length of DC may remain the same as before. In this way, the output power in both ports will stay the same as the situation when pure water is filled in the sensing area. We call this method as the thermal-optic compensation effect in the proposed structure. For example, if we choose the length of DC as the coupling length with pure water in sensing area, the incident light is totally coupled into Port 2. This means P out1 is zero and P out2 is with maximum value. As samples with different glucose concentration bring changes of coupling length in DC, the output of Port 1 ðP out1 Þ is nonzero. By accurately modulating the temperature of silica waveguides with the heater, the refractive index of silica can be changed. Thus, the coupling length can be modulated by the silica temperature, and it is possible to adjust it back to the original value and keep P out1 at zero. In this method, a relationship between the refractive index of sample and the modulated temperature can be obtained. Based on the relation between the refractive index and the glucose concentration [8] , different modulated temperature determines the glucose concentration.
Here we must emphasize that because of the inevitable loss in the DC, the P out2 is always less than P in . The output power loss may be caused by the refractive index change in sensing area, or the absorption of material and sample. While in our detection, we mainly focus on the compensating temperature change to keep the output the same as before. Therefore, the possible loss in the DC has no influence on the sensitivity and resolution.
The coupling effect of the DC can be analyzed by interference phenomena between the even mode and odd mode, and the electric field in the directional coupler can be approximated by the summation of even mode and odd mode when high-order modes are neglected. Here, we make use of e and o to denote the propagation constant of the even mode and odd mode, respectively, and they can be obtained by solving the following equations:
where
In the above "u" and "w " expression, denotes e in (1) and o in (2), respectively. The coupling length of the five-layer waveguide can be written as
The corresponding mode-coupling coefficient is also obtained as
For simplicity, we assume each of e and o equals the summation of e and 0 and a different perturbation, where 0 is defined as the propagation constant of the single-slab waveguide and can be calculated by solving the equation
In addition, coupling coefficient can be obtained as
The output power can be defined as
In our sensor, we choose the length of the DC as the coupling length with water in sensing area. The input power will be totally coupled into P out2 and the photo-detector cannot detect any power in P out1 . When a sample of glucose with different concentration is measured, the coupling length of the directional coupler will be changed. As the refractive index of silica will change with temperature, the Án 0 induced by glucose can be compensated by the thermo-optic effect of silica to ensure the coupling length is unchanged. By properly modulating the temperature of the silica waveguide, the output remains the same as the sample is pure water ðn 0 ¼ 1:333Þ.
In our configuration as shown in Fig. 1 , the heater is applied under the silica waveguide which is rather thin. The liquid to be detected has a much larger volume and smaller heat conduction speed than silica. In our sensor, the temperature change is assumed to be about 30 K, and the refractive change of water should be rather smaller than that of silica. Therefore we can ignore the refractive index change of liquid to be detected in the detection process. In addition, as is known to us, the boiling point of water is about 100°C. In our sensor, the temperature changes in a range of 20°C to 50°C. Moreover the heating speed of our sensor is rather fast. Therefore evaporation and bubbles of liquid to be detected can be ignored in the detection process and the influence of the heating on the accuracy of the sensor can be regarded as negligible.
Then we explore a relation between the modulated temperature ÁT and the refractive index change of Án 0 . For a fixed temperature change of ÁT , Án 0 can be determined by solving the following equations:
where Here, we must emphasize that in order to keep our sensor works in a single-mode waveguide, and the thickness of silica core should satisfy the equation of
in which d 1cut is the cut-off thickness. This is the so-called single-mode propagation condition.
Simulation Results and Analysis
Then, we give some simulation results to discuss the design of the sensor. For example, we
444 and the length of the device as the coupling length of the DC. Here the cut-off thickness is about 1.40 m, thus we choose the thickness of silica as 1.3 m to satisfy the single mode propagation condition. The ratio of output power of Port 1 over input power is shown in Fig. 2 . We can find with the increase of refractive index, the coupling length of the DC is shortened, and the output power of Port 1 increases. However we notice in this case the output power change is rather small and is difficult to be detected. Meanwhile, the coupling length is about 2.65 mm, which is relatively longer and difficult to integrate with other devices. Then we take into account the thermo-optic effect of silica waveguide and choose the thermooptic coefficient as dn 1 =dT ¼ 1:0 Â 10 À5 =K. The coupling length for different temperature is shown in Fig. 3 . We can find the coupling length is close to 3 mm, thus it is too long to be a compact biosensor. Therefore, we must take measures to shorten the length of the device.
Based on the above discussion, we find that we need not choose the DC length as the coupling length. In our modified scheme, we choose a photodetector (Thorlabs S155C) [14] with a detection range of -60 dBm to 13 dBm and a resolution of −70 dBm. We set the DC length as L 0 through which P out2 equals the minimum detectable power of 1 nW. This means that
We can get
Here, we assume the input power is 10 mW, and we can get L 0 ¼ 0:0181L c according to Eq. (11).
When In Fig. 3 , we can find that with the increase of n G , the coupling length decreases, while the increase of temperature enlarges the coupling length. This phenomenon verifies the solution conditions of (10) , which are Conditions (b) and (c). For the sake of convenience, we give the relation between Án G and ÁT in Fig. 4 . In this figure, the refractive index for water with different glucose concentration can be obtained. Finally, we discuss the resolution of the proposed sensor. We assume the minimum controllable temperature of the heater is 0.1 K, and the resolution is
In this case, the resolution is about 10 À6 RIU. As when the glucose concentration is 1 mg/dL, the refractive index is 1.333001 [8] , the minimum detectable concentration can be regarded as 1 mg/dL. For liquid with a glucose concentration of 200 mg/dL, the refractive index is about 1.3334. Therefore, our sensor is rather suitable for the detection of glucose concentration ranging from 1 mg/dL to 200 mg/dL.
Here, we must emphasize that based on the analysis about the biosensing mechanism, the biosensor shows great tolerance about the fabrication, environmental or instrumental fluctuation. This is because the working principle of our sensor is based on the temperature compensation method. Once the DC sensor is fabricated and set in a measurement environment, the possible influence is embodied in the original output power (P out1 and P out2 ). The sensing mechanism is based on the detection of compensated temperature which eliminates the output power change. Therefore, although the fabrication, environmental or instrumental fluctuation may bring deviations from the theoretical values, it has no influence on the sensitivity and resolution. On the other hand, in this paper we assume the temperature changes in a range of 30°C and the detectable refractive index change is about 3 Â 10 À4 . Simulation results show that the thermal tuning range determines the detectable range of sample index and the controllable temperature accuracy determines the resolution. To sum up, our sensor has good tolerance with fabrication environmental or instrumental fluctuation and the tunable temperature range plays a critical role in the sensing range.
Fabrication Method and System Equivalent Circuit
Fabrication Method
In [15] , the thermo-optic effect of silica waveguide can be used to design and fabricate switches in high-speed optical signal processing. Our biosensor can be fabricated with the same method: A 15 m thick layer of silicon dioxide is thermally formed on a silicon wafer to optically isolate the core waveguide from the silicon. The core layer, germanium doped silica, is deposited by plasma-enhanced chemical vapor deposition (PECVD), and annealed. Standard photolithography is used to pattern the waveguide structure, and reactive ion etching (RIE) to define the ridges.
Then we can use the method as in [16] to apply heat to the silica waveguide. The temperature can be controlled by a bottom aluminum heater, 0.5 m thick, lying on the surface of the silicon.
The aluminum was deposited by electron-beam evaporation and is used for the probing pads and for the electrical connection to the waveguides. It was patterned using standard photolithography and wet chemical etching. The voltage used to heat the waveguide generates an electric field between the Si substrate and the waveguide. This results a Joule heating effect for the silica waveguide which can be controlled by the applied voltage.
System Equivalent Circuit
In [15] , the response time of the switch based on silica thermo-optic effect is about several milliseconds. The proposed biosensor may take more time to ensure the output power unchanged which depends on the response time of the photodetector (about several milliseconds). Therefore it may spend one second to determine the temperature. For convenience, we design a feedback loop to realize the temperature compensation procedure. It consists of a voltage controlled voltage source and an operational amplifier to compare the output power with the original values. The corresponding equivalent circuit of the system is shown in Fig. 5 .
The detection system consists of a negative feedback loop, a reference voltage generator and a temperature sensor. The negative feedback loop is composed of a photo detector (PD1), a high gain OpAmp, a voltage controlled voltage source (VCVS), a heating resistor and the DC described in this paper. The reference voltage ðV ref Þ is generated by another photodetector (PD2) which is fully similar to PD1; meanwhile, a temperature sensor placed close to the described direction coupler detects the temperature of DC and outputs a voltage corresponding to temperature ðV temp Þ. To ensure the accuracy of temperature sensing, the whole system can be (is easy to be) implemented in the same die fabricated by standard CMOS process [17] , [18] . The system works as follows. A test optic power ðP in Þ is injected into the upper waveguide of DC. A reference input optic power ðP ref Þ which is lower than P in (i.e., 99% P in ) inputs to PD2. The reference voltage ðV ref Þ is generated by PD2, the sensed voltage ðV sense Þ generated by PD1 corresponding to the power of P out1 . The feedback loop clamps V sense equal to V ref , so Pout1 is the same as P ref due to identical PD1 and PD2. When sensing material induces the DC inner reflective index change, the feedback loop changes voltage on heating resistor and regulates coupling length of DC, further regulates Pout1. After this regulation, Pout1 is constantly equal to preset P ref , the exceeded portion of Pin named Pout_aux dissipates from the under waveguide of DC. Different sensing material induces different DC inner reflective index, thus has different temperature of the silica waveguides. Eventually, the measured temperature ðV temp Þ corresponds to a certain reflective index.
Conclusion
In conclusion, we propose a DC biosensor to detect low concentration of glucose (1∼200 mg/dL) based on thermo-optic detection mechanism in silica waveguide. We discuss the design principles based on the coupled-mode theory of DC and deduce the conditions for a valid biosensor model. We give some examples to present the coupling length, the detectable refractive index range and the sensing resolution for different silica width and separation distance in the DC. Calculation results show that with the increase of device length, the sensing resolution can be greatly improved. By a tradeoff between the coupling length and resolution of refractive index for small concentration detection, we can get a sensor with a compact size of 48 m Â 30 m which shows a resolution of about 10 À6 RIU. As our sensor has good tolerance with fabrication environmental or instrumental fluctuation, it may play a critical role in point-of-care diagnostics and healthcare applications. 
